All relevant data are within the paper.

Introduction {#sec001}
============

Wood is still one of the most used construction material due to its abundancy, production costs and environmental benefits. However, as wood is biodegradable it has a limited service life and is a mandatory requirement to impregnate wood products in ground contact with copper (Cu)-based wood preservatives that are effective against a range of soil microorganisms \[[@pone.0183004.ref001]\]. The increasing interest to protect the environment resulted in the phase out of the traditional wood preservative formulations that contained strongly carcinogenic compounds such as arsenic, fluor or chromium (Cr) \[[@pone.0183004.ref002]\]. The absence of Cr results in higher Cu leaching from impregnated wood even after short periods of installation in the ground \[[@pone.0183004.ref002]--[@pone.0183004.ref005]\]. The released Cu, as inorganic compound, is not subjected to biological degradation and it is therefore persisting in the environment affecting bioaccumulation and producing toxicity \[[@pone.0183004.ref006]\]. Moreover, the continuous use of Cu-based wood preservatives has resulted in the development of resistance in a range of wood decay fungi \[[@pone.0183004.ref007]\], through the production of oxalic acid \[[@pone.0183004.ref008]--[@pone.0183004.ref013]\]. The resulting Cu oxalate complex loses its toxicity properties as a fungicide which results in a reduction in the service life of the wood products \[[@pone.0183004.ref014], [@pone.0183004.ref015]\].

Alternative management strategies to improve and prolong the service life of wood products have resulted in great interest due to healthy and environmental reasons \[[@pone.0183004.ref016]--[@pone.0183004.ref018]\]. The possibility to develop an integrated wood protection method has been evaluated by several authors that studied the effect of biological control agents against wood decay fungi \[[@pone.0183004.ref019]--[@pone.0183004.ref021]\]. In recent laboratory studies, the possibility to use an integrated control strategy combining a biocontrol agent (*Trichoderma* spp.) with low concentrations of Cr-free wood preservatives was demonstrated \[[@pone.0183004.ref022]\]. Thus, *Trichoderma harzianum* (strain T-720) showed a strong tolerance to Cu-amended medium (up to 0.1% of CuSO~4~) and a high antagonistic potential in combination with a range of wood preservative formulations against three wood decay basidiomycetes \[[@pone.0183004.ref015], [@pone.0183004.ref022]\].

In the last decades, charcoal (biochar) has been used as soil amendment to improve soil properties and increase agriculture productivity. The application of biochar in soils can be beneficial as it results in increase surface areas, retention of water and heavy metals, stabilisation of pH and carbon sequestration in different substrates \[[@pone.0183004.ref023], [@pone.0183004.ref024]\]. Moreover, many biochar-associated components have biocidal activity which increases the stability against soil microorganisms. During the process of biochar production from organic matter, the pyrolization shifts the chemical composition of the raw material into condensed aromatic structures that improve long term properties \[[@pone.0183004.ref025]\]. In addition, biochar has been postulated as potential bioremediation method for polluted soils \[[@pone.0183004.ref023]\]. These biochar properties may play an important role in improving the efficiency of Cr-free wood preservatives.

The main aim of this study was to confirm the antagonistic potential of T-720 and evaluate its potential to control the oxalic acid production by wood decay basidiomycetes. In addition, we examined the capacity of biochar to bind Cu released from impregnated wood specimens exposed to leaching. And finally, the integrated control potential of T-720-enriched biochar against wood decay basidiomycetes was also evaluated.

Materials and methods {#sec002}
=====================

Antagonistic potential of *Trichoderma* against wood decay basidiomycetes {#sec003}
-------------------------------------------------------------------------

The antagonistic potential of strain T-720, used in previous studies, was confirmed in dual cultures against five wood decay basidiomycetes. For this purpose, agar discs (5 mm) of cultures of wood decay basidiomycetes ([Table 1](#pone.0183004.t001){ref-type="table"}) were inoculated on one side of the Petri dish containing 2% malt extract agar (MEA) (Oxoid, Pratteln, Switzerland) and incubated at 22(±1)°C and 70% relative humidity. After 10 days, the opposite side of the Petri dish was inoculated with 100 μL of *Trichoderma* spp. ([Table 1](#pone.0183004.t001){ref-type="table"}) spores suspension adjusted to 10^6^ spores mL^-1^ \[[@pone.0183004.ref022]\]. Five Petri dishes (biological replicates) for each combination of *Trichoderma* strains and basidiomycetes were evaluated. Four weeks after the inoculation of *Trichoderma*, the overgrowth, sporulation tufts and pustules of *Trichoderma* strains on the basidiomycetes were used to evaluate its activity \[[@pone.0183004.ref026]\]. The rate of mycoparasitism in dual cultures was assessed as + = slow overgrowth, ++ = fast overgrowth, +++ = very fast overgrowth. In order to check whether the *Trichoderma* species and strains were able to parasitize and eradicate the challenged basidiomycete, five agar discs (5 mm) were removed from non-sporulating regions of the basidiomycete and placed on a basidiomycete's selective medium containing 20 mL of 2% MEA with 2 mL of thiabendazole dissolved in lactic acid (Merck, Darmstadt, Germany) \[[@pone.0183004.ref027]\]. If the basidiomycete failed to grow on thiabendazole amended medium, the lethal effect of *Trichoderma* was considered to be 100% \[[@pone.0183004.ref022], [@pone.0183004.ref028]\].

10.1371/journal.pone.0183004.t001

###### Fungi used in the present study.

![](pone.0183004.t001){#pone.0183004.t001g}

  Basidiomycete                  Strain                                          *Trichoderma* species and strains   Strain
  ------------------------------ ----------------------------------------------- ----------------------------------- --------
  ***Antrodia serialis***        A-481                                           *T*. *atroviride* Karsten           T-685
  ***Antrodia vaillantii***      F-774                                           *T*. *harzianum*                    T-720
  ***Gloeophyllum sepiarium***   G-592                                           *T*. *harzianum*                    T-721
  ***Rhodonia placenta***        Empa 45[^1^](#t001fn001){ref-type="table-fn"}   *T*. *atroviride*                   T-722
  ***Serpula himantioides***     S-731                                           *T*. *koningiopsis*                 T-723

^1^EMPA collection; Swiss Federal Laboratories for Material Science and Technology. St. Gallen, Switzerland.

*Trichoderma harzianum* (T-720) and oxalic acid production of wood decay basidiomycetes {#sec004}
---------------------------------------------------------------------------------------

Dual cultures with wood decay basidiomycetes and T-720 ([Table 1](#pone.0183004.t001){ref-type="table"}) were prepared in liquid culture with 120 mL of 1% malt (OXOID). One agar disc of fresh cultures of basidiomycetes were inoculated in 250 mL Erlenmeyer flasks and incubated in the dark at 25(±1)°C and 120 rpm on a shaker. After 20 days, 100 μL of spore suspension from fresh cultures of T-720 (10^6^ spores mL^-1^) were inoculated in the liquid medium containing the wood decay basidiomycetes. Three Erlenmeyer (biological replicates) for each combination of T-720 and basidiomycetes were evaluated. Three flasks for each wood decay basidiomycete were kept as controls. Four weeks after the *Trichoderma* treatment, the supernatant was filtered with 5 μm Millipore filters (Sigma-Aldrich, Buchs, Switzerland) and three aliquots (3 repetitions) of 500 μL were removed. Furthermore, the aliquots were centrifuged at 725 x *g* for 1 min to remove cell debris and the obtained solution was analyzed according to the Oxalic acid colorimetric assay kit (Sigma-Aldrich).

Biochar and Cu-leaching from Cu-treated wood specimens {#sec005}
------------------------------------------------------

Wood specimens of Scots pine (*Pinus sylvestris* L.) sapwood (2 x 2 x 8 cm; radial, tangential, longitudinal) were separately impregnated with CC (copper-chromium), CCB (copper-chromium-boron), Cu-HDO (Bis-(N-cyclohexyldiazeniumdioxy)-copper) and ACQ (Alkaline Copper Quaternary) ([Table 2](#pone.0183004.t002){ref-type="table"}) according to EN 252 \[[@pone.0183004.ref029]\]. The wood specimens were impregnated with concentrations of wood preservative that demonstrated toxic effect in previous studies by Ribera et al. \[[@pone.0183004.ref022]\] ([Table 2](#pone.0183004.t002){ref-type="table"}). Afterwards, the wood specimens were placed into Erlenmeyer flasks with 500 mL of deionized water containing 2.5 g of sterilized biochar powder (Carbon Gold, Bristol, UK). The source of biochar was a commercial blend of hardwood species made at a pyrolysis temperature between 500--700°C. Three flasks for each combination of wood preservative and biochar treatment were evaluated. Duplicates without biochar were used as Cu-leaching controls. After 10 days immersed in water and water containing biochar, wood specimens were removed and the solutions were centrifuged at 700 x *g* for 30 min. The obtained supernatant was filtered with Whatman No. 1 filter paper (Sigma-Aldrich) and the solution was separated from the biochar. The pH in the supernatant was measured and then mixed with 5 mL of 2% HNO~3~ for directly quantification of Cu in solution using inductively coupled plasma optical emission spectrometry (ICP-OES). Additionally, the retention capacity of Cu by the removed biochar was analyzed. For this purpose, 1 g of the extracted biochar was mixed with 3 mL of 2% HNO~3~ and 1 mL of 35% H~2~O~2~. After 10 min digestion in the microwave at 500 Watt, the Cu content in solution was measured using ICP-OES.

10.1371/journal.pone.0183004.t002

###### Wood preservative formulations and retentions of the impregnated wood specimens.

![](pone.0183004.t002){#pone.0183004.t002g}

  Formulation                       Retention (kg m^-3^)
  --------------------------------- ----------------------
  **Copper-Chromium (CC)**          21.3
  **Copper-Chromium-Boron (CCB)**   40.3
  **Chromium-free (Cu-HDO)**        43.3
  **Chromium-free (ACQ)**           26.1

*Trichoderma harzianum* (T-720)-enriched biochar and wood mass loss reduction by wood decay basidiomycetes {#sec006}
----------------------------------------------------------------------------------------------------------

Interaction tests with wood block specimens of Scots pine sapwood (2.5R x 1.5T x 5L cm) were performed as described by Ribera et al. \[[@pone.0183004.ref022]\] with the following modifications. For evaluation of the effect of T-720 and biochar on reducing decay against wood decay basidiomycetes ([Table 1](#pone.0183004.t001){ref-type="table"}) autoclavable plastic containers (WEZ, Oberentfelden, Switzerland. dimensions; 25L x 25W x 20H cm) with 180 g of vermiculite (VTT AG, Muttenz, Switzerland) and 5 g of Scots pine sawdust were used. The moisture content and water holding capacity of the substrate was determined according to ENV 807 \[[@pone.0183004.ref030]\]. The amount of water needed to bring the substrate to 75% of its water holding capacity was calculated and added to the containers. After autoclave sterilisation, three containers for each decay basidiomycete were inoculated (replicates) and used as controls. After 8 weeks incubation with the basidiomycetes, three wood specimens were sterilised with ethylene oxide and placed into each container. Determination of the initial wood dry mass was calculated by oven drying (103°C) test specimens during 24 h. Twelve weeks after incubation, the specimens were removed, oven dried (103°C) and the mass loss recorded. The influence of biochar on the basidiomycetes was evaluated in containers with 180 g of vermiculite, 50 g of biochar and 5 g sawdust. Three containers for basidiomycete were inoculated. And 8 weeks after inoculation, three wood specimens (repetitions) were placed into each container as described above. Twelve weeks later the specimens were removed and the mass loss was recorded. In order to study the effect of *Trichoderma*-enriched biochar on preventing wood decay, 50 g of biochar per container were incubated with 5 mL of T-720 spore suspension (10^6^ spores mL^-1^). After two weeks colonisation, the T-720-enriched biochar was added into the vermiculite boxes containing basidiomycetes as described above. After 2 weeks of the T-720-enriched biochar treatment, three specimens were placed into each container. Three boxes for each basidiomycete were treated with T-720-enriched biochar and 12 weeks later, the specimens were also removed and mass losses recorded.

Generation of *T*. *harzianum* transformants {#sec007}
--------------------------------------------

The pCAMBgfp binary vector containing the hygromycin B resistance gene and the *gfp* (green fluorescent protein) gene \[[@pone.0183004.ref031]\] was introduced into *Agrobacterium tumefaciens* AGL-1 for fungal *Agrobacterium tumefaciens*-mediated transformation (ATMT). The transformation of T-720 was conducted by ATMT essentially as described by Khang et al. \[[@pone.0183004.ref032]\] and Harries et al. \[[@pone.0183004.ref033]\]. After 48 h of co-culture of T-720 and AGL-1 (pCAMBgfp), the selection of transformants was conducted on PDA plates (potato dextrose agar, Difco BD Diagnostics, Sparks, MD, USA) amended with 50 μg mL^-1^ hygromicin (Invivogen, ant-hm-5 San Diego, CA, USA) incubated for 2 days at 24°C. The transformed colonies of T-720 expressing the *gfp* gene (T720G) were isolated and stored in aliquots of 2 mL containing 80% glycerol (Sigma-Aldrich) at -80°C for further studies. The transformants were confirmed by PCR (polymerase chain reaction) amplification of genomic DNA with oligonucleotide primers specific for the *gfp* gene (forward OJM469: `5'-CCACATGAAGCAGCACGACT-3'`, reverse OJM470: `5'-CTTCAGCTCGATGCGGTTC-3'`) and the hygromycin B resistance gene (forward OJM197: `5'-CGTTAACTGATATTGAAGGAGCAT-3'`, reverse OJM198: `5'-TGTTAACTGGTTCCCGGTCGG-3'`) according to Gandía et al. \[[@pone.0183004.ref034]\]. Additionally, the antagonistic potential of T-720G was evaluated in dual cultures against *Rhodonia placenta*, *Antrodia serialis* and *Serpula himantioides* to demonstrate the influence of the inserted *gfp* gene.

Microscopy {#sec008}
----------

The overgrowth of T-720G on the mycelium of the basidiomycetes was observed by confocal laser scanning microscopy (CLSM) (Zeiss LSM T-PMT). Fungal mycelium was collected from the contact area of dual cultures after 48 h of the first mutual contact. The samples were stained with 10 μL propidium iodide (Sigma-Aldrich) for 10 min to label the mycelium of the basidiomycetes. Microscopic preparations were visualized at excitation/emission of 488/550 mm wavelengths for the GFP and 600/750 mm for propidium iodide as described by Chacón et al. \[[@pone.0183004.ref035]\]. Additionally, interactions between the T-720G and biochar were analyzed by SEM (Hitachi S-4800) and fluorescence microscopy (Leica DM 4000 B LED), respectively. To study the colonisation of *Trichoderma* on the biochar substrate, 5 g of sterile biochar were inoculated with 5 mL of T-720G spore suspension (10^6^ spores mL^-1^). After 48 h of inoculation the colonised biochar was collected and directly observed with both microscopic techniques.

Statistical analysis {#sec009}
--------------------

To evaluate the effect of the different treatments compared to controls such as the influence of T-720 on the oxalic acid production, the Cu-retention and the influence on the pH by biochar, a t-test was applied. Besides, comparison between the basidiomycetes for oxalic acid production and the different wood preservative formulations for the Cu-retention assay were assessed by a Tukey's HSD test. To evaluate the preventative effect of T-720 and biochar against each basidiomycete a Tukey's analysis was also performed. The statistical analysis were performed using the statistical software SPSS^®^ (Version 22, SPSS Inc., Chicago, IL, USA).

Results and discussion {#sec010}
======================

Antagonistic potential of *Trichoderma* against wood decay basidiomycetes {#sec011}
-------------------------------------------------------------------------

During initial screening of the *Trichoderma* species and strains a range of reactions were recorded as a result of antagonism. Contact between basidiomycetes and *Trichoderma* occurred in all cultures but the ability to overgrow and parasitize the mycelia of the basidiomycetes was dependent on the antagonistic potential of each *Trichoderma* and the resistance of the challenged fungi to antagonism ([Table 3](#pone.0183004.t003){ref-type="table"}). The antagonistic potential of *Trichoderma* was most prevalent for T-720 showing very fast overgrowth for the studied basidiomycetes ([Table 3](#pone.0183004.t003){ref-type="table"}). *S*. *himantioides* and *R*. *placenta* showed a moderate resistance to the other *Trichoderma* spp. *T*. *harzianum* (T-721), *Trichoderma atroviride* (T-722) and *T*. *koningiopsis* (T-723) revealed the weakest effect against the five basidiomycetes.

10.1371/journal.pone.0183004.t003

###### Classification of the degree of mycoparasitism of *Trichoderma* species and strains against basidiomycetes.

![](pone.0183004.t003){#pone.0183004.t003g}

  Basidiomycetes                 *Trichoderma*                                                                           *Trichoderma*   *Trichoderma*   *Trichoderma*   *Trichoderma*
  ------------------------------ --------------------------------------------------------------------------------------- --------------- --------------- --------------- ---------------
  ***Antrodia serialis***        +++[^a^](#t003fn001){ref-type="table-fn"} (100)[^b^](#t003fn002){ref-type="table-fn"}   +++ (96)        +++ (84)        +++ (80)        +++ (100)
  ***Fibroporia vaillantii***    +++ (80)                                                                                +++ (96)        ++ (60)         ++ (64)         ++ (76)
  ***Gloeophyllum sepiarium***   +++ (100)                                                                               +++ (100)       ++ (80)         ++ (60)         +++ (80)
  ***Rhodonia placenta***        \+ (20)                                                                                 +++ (100)       \+ (40)         \+ (60)         \+ (20)
  ***Serpula himantioides***     ++ (64)                                                                                 +++ (100)       ++ (56)         ++ (60)         ++ (64)

^a^; + = slow overgrowth, ++ = fast overgrowth, +++ = very fast overgrowth.

^b^; ability of *Trichoderma* to eradicate wood decay basidiomycetes (lethal effect in %) after 4 weeks in dual culture.

The genetically transformed T-720G showed *in vitro* antagonistic activity similar to the parental strain ([Fig 1A](#pone.0183004.g001){ref-type="fig"}), and thus was used for further characterization of its biocontrol activity and colonization. After 48 h of contact between T-720G and *R*. *placenta*, overgrowth and development of typical parasitic colonization by *Trichoderma* on the target basidiomycete was observed. Confocal microscopy of these samples showed actively growing hypha of T-720G ([Fig 1B](#pone.0183004.g001){ref-type="fig"}, green) that became attached to the basidiomycete, surrounding it and generating structures similar to the appressoria-like structures (arrows in [Fig 1B](#pone.0183004.g001){ref-type="fig"}) as previously described by Harman et al. \[[@pone.0183004.ref036]\] and Schubert et al. \[[@pone.0183004.ref037], [@pone.0183004.ref038]\]. The lethality to the target fungus was confirmed by its staining with the cell death marker propidium iodide ([Fig 1B](#pone.0183004.g001){ref-type="fig"}, red). Additionally, the lethal effect demonstrated by the applied *Trichoderma* fungi in dual culture was highest for T-720 that recorded 100% deadlock within four weeks against *Gloeophyllum sepiarium*, *R*. *placenta* and *S*. *himantioides* and 96% deadlock against *A*. *serialis* and *Fibroporia vaillantii* ([Table 3](#pone.0183004.t003){ref-type="table"}). *T*. *harzianum* (T-721) showed the weakest antagonistic potential against most of the basidiomycetes.

![Dual culture test showing the antagonistic activity of T-720G against *R*. *placenta*.\
A: Rapid overgrowth of *R*. *placenta* by T-720G after 48 h. B: Mycoparasitism of T-720G (green) against *R*. *placenta* (red) after 48 h contact in dual culture.](pone.0183004.g001){#pone.0183004.g001}

*Trichoderma harzianum* (T-720) and oxalic acid production wood decay basidiomycetes {#sec012}
------------------------------------------------------------------------------------

The data on the oxalic acid production by the wood decay basidiomycetes are shown in [Table 4](#pone.0183004.t004){ref-type="table"}. Production of oxalic acid by the basidiomycetes *A*. *serialis*, *F*. *vaillantii*, *G*. *sepiarium* and *S*. *himantioides* was in good agreement with previous studies \[[@pone.0183004.ref013], [@pone.0183004.ref039]\]. Schmidt \[[@pone.0183004.ref040]\] showed most oxalic acid production by *Serpula lacrymans* followed by *Antrodia vaillantii* and *A*. *sinuosa*. Generally brown-rot fungi acidify their growth substrate more than white-rot species because the latter degrade the produced oxalic acid by oxalate decarboxylase to formate and CO~2~ \[[@pone.0183004.ref040]\]. *G*. *sepiarium* produced the highest amounts of oxalic acid for the control treatments (20.13 μg mL^-1^). However the production of oxalic acid by *G*. *sepiarium* did not show significant differences compared to *F*. *vaillantii* and *S*. *himantioides*. Results obtained for *R*. *placenta* (0.64 μg mL^-1^) showed a very low production of oxalic acid as previously demonstrated by Civardi et al. \[[@pone.0183004.ref013]\] and Ritschkoff et al. \[[@pone.0183004.ref039]\]. Studies by Ritschkoff et al. \[[@pone.0183004.ref039]\] on the oxalic acid production by *R*. *placenta* showed the most pronounced production (1 g L^-1^) after three weeks of cultivation. One week later, the oxalic acid content in the same cultures was significantly reduced (0.25 g L^-1^). Thus it seems that degradation of oxalic acid by *R*. *placenta* is also involved in the pathway of other oxidative reactions as hypothesized by Ritschkoff et al. \[[@pone.0183004.ref039]\]. Furthermore, the same tendency of decrease of oxalic acid measurements with time was observed for *Gloeophyllum trabeum* and *Coniophora puteana* by Hastrup et al. \[[@pone.0183004.ref041]\].

10.1371/journal.pone.0183004.t004

###### Effect of T-720 on the oxalic acid (OA) production of wood decay basidiomycetes.

![](pone.0183004.t004){#pone.0183004.t004g}

  Basidiomycetes                 Controls (μg OA mL^-1^)   Dual culture (μg OA mL^-1^)
  ------------------------------ ------------------------- ------------------------------------------------------
  ***Antrodia serialis***        11.41(a) ± 2.14           7.61(a) ± 1.34
  ***Fibroporia vaillantii***    18.70(b) ± 1.22           9.40(ab)[\*](#t004fn001){ref-type="table-fn"} ± 0.62
  ***Gloeophyllum sepiarium***   20.13(b) ± 0.32           11.54(b)[\*](#t004fn001){ref-type="table-fn"} ± 0.37
  ***Rhodonia placenta***        0.64(c) ± 0.42            1.16(c) ± 0.46
  ***Serpula himantioides***     19.82(b) ± 0.65           8.53(a)[\*](#t004fn001){ref-type="table-fn"} ± 1.04

\*Significant reduction of oxalic acid production by T-720 treatment (t-test: *p*\<0.05).

Different letters denote significant differences between the fungi after the Tukey's HSD test (column-wise). Data represented as mean ± SD of three replicates.

The analysis of the supernatant in dual cultures showed that oxalic acid production was significantly reduced for *F*. *vaillantii*, *G*. *sepiarium* and *S*. *himantioides* compared to controls (*p*\<0.05). After the T-720 treatment, *S*. *himantioides* showed the highest reduction of oxalic acid production (8.53 μg mL^-1^) compared to controls (19.82 μg mL^-1^). *G*. *sepiarium* produced the highest quantities of oxalic acid after the T-720 treatment (11.54 μg mL^-1^) but nevertheless the results were not statistically significant from the ones recorded for *F*. *vaillantii* (9.40 μg mL^-1^). Although *A*. *serialis* did not show significant reduction of oxalic acid production after the T-720 treatment (7.61 μg mL^-1^) compared to controls (11.41 μg mL^-1^), the production of oxalic acid in dual cultures was inferior than the production by *F*. *vaillantii* (9.40 μg mL^-1^), *G*. *sepiarium* (11.54 μg mL^-1^) and *S*. *himatioides* (8.53 μg mL^-1^). The effect of different biocontrol agents and organic biocides to reduce the production of oxalic acid has been previously demonstrated by some authors \[[@pone.0183004.ref042], [@pone.0183004.ref043]\]. For instance, Paramasivan et al. \[[@pone.0183004.ref043]\] demonstrated that the application of *T*. *viride* is a useful approach in controlling *Sclerotium rolfsii* in the soil by reducing more than three times the oxalic acid production (0.79 mg mL^-1^).

Biochar and Cu-leaching from Cu-treated wood specimens {#sec013}
------------------------------------------------------

Our data showed that biochar binds Cu released during the leaching process of wood preservatives ([Table 5](#pone.0183004.t005){ref-type="table"}). The amount of Cu released from treated wood was significantly higher in the case of Cr-free treated wood specimens (139.51 mg L^-1^ Cu-HDO and 52.51 mg L^-1^ ACQ) than in wood treated with Cr-containing formulations (17.57 mg L^-1^ CC and 28.71 mg L^-1^ CCB). Cu-adsorption by biochar was higher for Cr-free wood preservatives (95.0% Cu-HDO and 84.1% ACQ). However, significant differences between all wood preservative treatments were found after the Tukey's test. The chemical composition of wood preservatives may also play an important role on the adsorption/desorption process of Cu due to the specific physical properties of biochar as previously demonstrated by Beesley et al. \[[@pone.0183004.ref023]\]. Chen et al. \[[@pone.0183004.ref044]\] demonstrated that the adsorption of Cu by biochar strongly correlates with pH, i.e. the highest adsorption of Cu occurred between pH = 4--8. Wood preservatives change the pH of a solution during the event of leaching. The Cu-retention by biochar from impregnated wood specimens in this study was in good agreement with other biochar products that are based on wood as demonstrated by Chen et al. \[[@pone.0183004.ref044]\] and Han et al. \[[@pone.0183004.ref045]\] (25.4--1.59 mg g^-1^). The Cu-retention capacity was strongly correlated with the source of the raw material used for producing biochar. For instance, studies by Tong et al. \[[@pone.0183004.ref046]\] showed a Cu-adsorption of 89.0 mg g^-1^ by Peanut straw and Pellera et al. \[[@pone.0183004.ref047]\], 0.27 mg g^-1^ by rice husks.

10.1371/journal.pone.0183004.t005

###### Effect of biochar on Cu binding from Cu-treated wood specimens.

![](pone.0183004.t005){#pone.0183004.t005g}

  Treatment           Initial Cu in wood   Cu leached in water   Cu binding by biochar                                 Cu binding
  ------------------- -------------------- --------------------- ----------------------------------------------------- ------------
  **Water control**   \-                   0.01(a) ± 0.00        0.02(a) ± 0.00                                        \-
  **Wood control**    0.02(a) ± 0.01       0.01(a) ± 0.00        0.02(a) ± 0.01                                        0
  **CC**              5.04(b) ± 0.14       17.57(b) ± 0.01       3.67(b)[\*](#t005fn001){ref-type="table-fn"} ± 0.16   72.8
  **CCB**             5.90(c) ± 0.03       28.71(c) ± 0.01       2.71(c)[\*](#t005fn001){ref-type="table-fn"} ± 0.25   45.9
  **Cu-HDO**          9.07(d) ± 0.07       139.51(d) ± 0.07      8.62(d)[\*](#t005fn001){ref-type="table-fn"} ± 0.11   95.0
  **ACQ**             6.53(e) ± 0.01       52.51(e) ± 0.01       5.49(e)[\*](#t005fn001){ref-type="table-fn"} ± 0.15   84.1

\*Significant Cu binding by biochar (t-test: *p*\<0.05).

Different letters denote significant differences between wood preservatives after the Tukey's HSD test (column-wise). Data represented as mean ± SD of three replicates.

The change of the pH on the supernatant after 10 days in water solution is shown in [Table 6](#pone.0183004.t006){ref-type="table"}. The pH of the water controls appeared to solubilise the wood preservative formulations when compared to the Cu-leached in solution ([Table 5](#pone.0183004.t005){ref-type="table"}). The release of wood preservative compounds had a variety of influence on the pH values in solution. Wood specimens impregnated with CCB and ACQ preservatives did not alter the pH values significantly compared to controls. In contrast, CC and Cu-HDO demonstrated a significant increase in pH after 10 days in water. The addition of biochar significantly increased the pH values in all water solutions ([Table 6](#pone.0183004.t006){ref-type="table"}). Higher differences were found on wood specimens impregnated with Cr-free preservatives (pH = 8.38 for Cu-HDO and pH = 8.08 for ACQ) compared to the treatments without biochar (pH = 6.88 and 5.64, respectively) and compared to the other wood preservatives after the Tukey's test.

10.1371/journal.pone.0183004.t006

###### Influence of biochar on the pH of water solution containing Cu-impregnated wood specimens.

![](pone.0183004.t006){#pone.0183004.t006g}

  Treatment           H~2~O            H~2~O + biochar
  ------------------- ---------------- -----------------------------------------------------
  **Water control**   5.55(a) ± 0.04   6.81(a)[\*](#t006fn001){ref-type="table-fn"} ± 0.01
  **Wood control**    5.30(b) ± 0.11   7.06(b)[\*](#t006fn001){ref-type="table-fn"} ± 0.06
  **CC**              6.78(c) ± 0.04   7.30(b)[\*](#t006fn001){ref-type="table-fn"} ± 0.01
  **CCB**             5.72(a) ± 0.01   7.74(c)[\*](#t006fn001){ref-type="table-fn"} ± 0.08
  **Cu-HDO**          6.88(c) ± 0.04   8.38(d)[\*](#t006fn001){ref-type="table-fn"} ± 0.16
  **ACQ**             5.64(a) ± 0.13   8.08(e)[\*](#t006fn001){ref-type="table-fn"} ± 0.08

\*Significant increase of pH by biochar treatment (t-test: *p*\<0.05).

Different letters denote significant differences between the fungi after the Tukey's HSD test (column-wise). Data represented as mean ± SD of three replicates.

There are many factors that influence leaching of preservatives from wood into the soil such as exposure time, temperature, moisture content, inorganic ions or pH values \[[@pone.0183004.ref003]\]. The combination of all elements plays an important role on the amount of leachate in the field. For instance, Bergholm \[[@pone.0183004.ref048]\] demonstrated the correlation between the mobility of CCA components and the pH in the soil. Studies by Murphy and Dickinson \[[@pone.0183004.ref049]\] on the effect of acid rain on leaching of CCA-C, demonstrated that 40% of the Cu was lost at pH = 3, however, there was no significant loss of Cu at pH \> 5.6. The wood preservatives used in this study are primarily in the form of Cu(OH)~2~ and CuCO~3~ that become more stable at pH around 7 \[[@pone.0183004.ref050]--[@pone.0183004.ref052]\].

*Trichoderma harzianum* (T-720)-enriched biochar and wood mass loss reduction by wood decay basidiomycetes {#sec014}
----------------------------------------------------------------------------------------------------------

Microscopic interactions between T-720-biochar and T-720G -biochar revealed a rapid colonisation of the substrate by both strains. After 48 h incubation with T-720G ([Fig 2A](#pone.0183004.g002){ref-type="fig"}), almost all the biochar was colonised as observed under the fluorescence microscope ([Fig 2B](#pone.0183004.g002){ref-type="fig"}). Observations with SEM confirmed the behaviour of T-720 to develop a compact matrix between the biochar particles ([Fig 2C and 2D](#pone.0183004.g002){ref-type="fig"}). The addition of T-720 to the biochar substrate creates the opportunity to use biochar as a carrier substance for an integrated control strategy of wood decay basidiomycetes in soils.

![Colonization of biochar substrate by T-720 and T-720G after 48h.\
A: Transformed *T*. *harzianum* (T-720G). B: Colonization of biochar by T-720G. C and D: matrix created by hypha of T-720 in biochar. The scale bar in A and B represents 100 μm; in C and D represents 30 μm and 20 μm, respectively. Arrows: hyphae of T-720.](pone.0183004.g002){#pone.0183004.g002}

The influence of biochar and T-720 treatments to protect wood is shown in the [Table 7](#pone.0183004.t007){ref-type="table"}. The mass loss recorded by decay basidiomycetes was in the range of our previous studies \[[@pone.0183004.ref022]\]. The effect of T-720-enriched biochar on preventing mass loss was positively influenced for all basidiomycetes. However, the T-720-enriched biochar revealed a significant reduction of mass loss for *A*. *serialis* (0.51%), *G*. *sepiarium* (0.43%), *R*. *placenta* (0.37%) and *S*. *himantioides* (0.85%). Moreover, mass losses recorded in wood specimens placed into T-720-enriched biochar was below 3% of the initial dry mass for the basidiomycetes that is the adequate threshold recommended in the ENV 807 \[[@pone.0183004.ref030]\]. Although the treatment with biochar reduced wood decay by basidiomycetes, this treatment only showed a significant effect (*p*\<0.05) on the mass loss caused by *S*. *himantioides* (2.28%) compared to controls (19.44%).

10.1371/journal.pone.0183004.t007

###### Effect of T-720-enriched biochar on reducing wood mass loss caused by wood decay basidiomycetes.

![](pone.0183004.t007){#pone.0183004.t007g}

  Basidiomycetes                 Control (%)         Biochar (%)        Biochar + T-720 (%)
  ------------------------------ ------------------- ------------------ ---------------------
  ***Antrodia serialis***        14.96(cdA) ± 2.10   12.57(dA) ± 0.82   0.51(aB) ± 0.13
  ***Fibroporia vaillantii***    2.78(aA) ± 2.66     1.15(aA) ± 0.29    0.62(aB) ± 0.19
  ***Gloeophyllum sepiarium***   6.90(abA) ± 0.80    6.04(abA) ± 0.38   0.43(aB) ± 0.15
  ***Rhodonia placenta***        11.86(bcA) ± 1.61   9.31(bcA) ± 3.10   0.37(aB) ± 0.09
  ***Serpula himantioides***     19.44(dA) ± 4.21    2.28(cdB) ± 1.29   0.85(aB) ± 0.46

Different lowercase letters denote significant differences between the fungi after the Tukey's HSD test (column-wise). Different uppercase letters denote significant differences between the control, biochar and T-720-enriched biochar treatments after the Tukey's HSD test (row-wise). Data represented as mean ± SD of three replicates.

The possibility to control wood decay by basidiomycetes in the laboratory has already been demonstrated by Ribera et al. \[[@pone.0183004.ref022]\]. In this previous study, T-720 demonstrated high antagonistic potential in combination with low concentrations of wood preservative formulations against basidiomycetes. The internal decay in wood poles is usually developed in the ground line and the application of T-720-enriched biochar in highly infected soils would reduce the damage by basidiomycetes. However, variation within species and regular application strategies should be considered to design further long-term studies in order to maintain the activity of *Trichoderma* in the field.

Conclusions {#sec015}
===========

We demonstrated the positive effect to use *Trichoderma harzianum* (T-720)-enriched biochar as integrated wood protection method against wood decay basidiomycetes in the laboratory. T-720 was confirmed as antagonistic strain demonstrating also significant reduction of oxalic acid by five brown-rot fungi. Reduction of the oxalic acid production around Cu-impregnated wood products could possibly enhance the efficacy of wood preservatives avoiding Cu-removal from the wood. It was also validated that in the absence of Cr in wood preservative formulations Cu leaching occurs rapidly and biochar can bind the released Cu from impregnated wood. The application of T-720-enriched biochar in combination with new generation of wood preservatives (Cr-free) may provide an additional value as a method of integrated wood protection in highly infested soils. Long-term field studies in collaboration with telecommunication companies from Switzerland and Germany are currently in progress to develop a suitable application strategy and confirm these results under natural conditions. Successful results in the field will help to develop a sustainable wood protection strategy to counteract damage by wood decay basidiomycetes in soils, prevent the unnecessary release of contaminants in the environment and ultimately extend the service life of wood products in ground contact.

A European patent has been submitted (Patent num. 16179168.6) for the application of *Trichoderma harzianum* (T-720) to functionalize biochar for inhibiting the growth of wood decay basidiomycetes in the soil. The plasmid pCAMBgfp was kindly provided to JFM by Dr. Ane Sesma (Center for Plant Biotechnology and Genomics, Universidad Politécnica de Madrid, Madrid, Spain). The authors wish to thank Mycosolutions AG, Swisscom AG and CarbonGold for their support. Elisabeth Michel from Empa is thanked for assistance in ICP-OES measurements.
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